Copper nanoparticles with a mean carbon coating of about 1 nm were continuously produced at up to 10 g h −1 using a modified flame spray synthesis unit under highly reducing conditions. Raman spectroscopy and solid state 13 C magic angle spinning nuclear magnetic resonance spectroscopy revealed that the thin carbon layer consisted of a sp 2 -hybridized carbon modification in the form of graphene stacks. The carbon layer protected the copper nanoparticles from oxidation in air. Bulk pills of pressed carbon/copper nanoparticles displayed a highly pressure-and temperature-dependent electrical conductivity with sensitivity at least comparable to commercial materials. These properties suggest the use of thin carbon/copper nanocomposites as novel, low-cost sensor materials and offer a metal-based alternative to the currently used brittle oxidic spinels or perovskites.
Introduction
Copper nanoparticles have attracted considerable interest because of their optical, catalytic, mechanical and electrical properties, resulting in a wide range of applications in the field of metallurgy, catalysis, nano-and optoelectronics [1] [2] [3] [4] . Consequently, a wealth of preparation methods have been developed and range from wet phase preparations, hydrothermal, sonochemical or chemical reduction [1, [5] [6] [7] [8] [9] [10] to gas phase processes [11] [12] [13] [14] [15] [16] [17] . In order to protect the sensitive metal nanoparticles from oxidation, they have been encapsulated in carbon/silica, polyethylene and pure carbon [12, [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In order to provide application-scale quantities of such carbon/copper nanomaterials, low-cost continuous preparation methods are required [18] .
Since numerous oxide nanoparticles are manufactured industrially by flame synthesis in the kilogram to ton scale, we decided to investigate the use of a flame spray-based process for the synthesis of carbonprotected copper nanoparticles. In order to obtain metallic copper, previous studies on thermal decomposition of copper acetylacetonate have shown that a highly reducing atmosphere is required [12] . Since conventional flame spray synthesis is applied under ambient air, only oxides, salts or noble metals were obtainable [27] [28] [29] [30] [31] [32] . As an indication, sootforming flames provide a reducing environment, and they have been used for the preparation of carbon nanotubes in flames [33, 34] . We therefore investigated the construction of a continuously operating flame spray reactor within a nitrogenfilled glove-box to allow controlled flame synthesis even under highly reducing conditions. The setup was then used for the continuous large-scale production (10-100 g samples) of carbon-coated copper nanoparticles. In contrast to earlier studies that provided materials consisting predominantly of carbon, the use of reducing flame spray synthesis allowed the preparation of carbon layers on copper nanoparticles that are only 1 nm thick. In order to illustrate one possible novel application of this material we measured the bulk electrical properties of pressed C/Cu nanoparticles for a range of temperatures and pressures. The specific geometry of the C/Cu nanoparticles provided highly temperature-and pressure- sensitive conductivity, which was at least comparable or superior to that of the currently used oxide-based spinels or perovskites.
Experiments

Reducing flame synthesis
A flame spray nozzle [35] ure 1(a) ) converted the liquid copper carboxylate solution into carbon/copper nanoparticles that were collected above the flame on a water-cooled glass fibre filter. The combustion products CO 2 and H 2 O were removed continuously from the gas stream using two adsorption columns packed with 50 kg zeolite 4A and 13X (Zeochem), respectively. To avoid the accumulation of CO, NO and other impurities in the glove-box atmosphere a purge gas stream (1-4 m 3 h −1 ) continuously passed the box. A mass spectrometer (Balzers GAM 400) was applied for detection of the concentrations of H 2 , N 2 , CO 2 , NO, NO 2 and O 2 gas.
Since no additional oxygen is provided from the nitrogen atmosphere in the glove-box the overall content of oxygen entering the flame is predefined by the operating conditions (see above). The degree of oxidation in the flame process may therefore be characterized by the fuel to oxygen ratio which is defined as = moles of oxygen required for complete combustion moles of oxygen available .
Physical and electrical properties
The C/Cu and carbon shells were analysed by a series of physical methods: x-ray diffraction (XRD) (Siemens powder x-ray diffractometer with a Ni-filtered Cu Kα radiation, step size 0.3 • ), nitrogen adsorption (BET) (Tristar Micromeritics Instruments), transmission electron microscopy (TEM) (CM30 ST-Philips, LaB 6 cathode, operated at 300 kV point resolution ∼2Å), solid state 13 C magic angle spinning (MAS) nuclear magnetic resonance (NMR) (Bruker Ultra Shield NMR spectrometer, operated at 500 MHz) and Raman spectroscopy (Bruker EQUINOX 55, 790 nm laser source). Conductivity measurements were conducted according to [36] using four measuring points on correspondingly pressed tablets of the powder.
For the preparation of carbon shells, samples of the asproduced C/Cu powder were dissolved in a 50 wt% nitric acid solution and stirred for 30 min, filtered and washed repeatedly with ultrapure water (Millipore). After drying under air at 100
• C, the carbon shells were heated to 400
• C for 30 min under vacuum to remove any remaining traces of water.
Results
Synthesis of C/Cu nanoparticles
The operation of a flame spray setup under a nitrogen atmosphere at a fuel to oxygen ratio of 1.5 resulted in the conversion of methane/oxygen and the spray liquid (2-ethylhexanoic acid and tetrahydrofurane) into a gas mixture containing several volume per cent of carbon monoxide and hydrogen next to water and carbon dioxide ( figure 1(a) ). This reducing flame synthesis is in clear contrast to conventional flame spray synthesis which exclusively produces water and carbon dioxide. No remaining oxygen could be detected by mass spectroscopy in the off-gas from the flame (detection limit <10 ppm) and confirmed a thorough conversion of oxygen in the flame reactor. Introduction of a soluble copper precursor into the liquid fuel resulted in the formation of a fine black powder that could be collected on the top of the flame using temperature-resistant glass-fibre filters.
Physical properties of C/Cu
Transmission electron microscopy of the C/Cu powder showed that the product consisted of nanoparticles with a diameter of 10-20 nm ( figure 1(b) ). The surface of the copper was covered by a thin carbon layer (figure 1(c)) as further evidenced by element-sensitive mapping (supplementary information available at stacks.iop.org/Nano/17/1668) and energy dispersive x-ray spectroscopy (EDX). The powder exhibited a specific surface area as measured by the BET method of 67 m 2 g −1 .
The product showed no apparent reactivity towards oxygen if exposed to air at room temperature, as confirmed by thermogravimetry. Xray diffraction (figure 2, C/Cu) corroborated the presence of metallic copper. In order to better characterize the carbon layer, the copper core was removed by washing the C/Cu composite using highly oxidizing and protonating conditions (50 wt% HNO 3 ). X-ray diffraction (figure 2, etched) and chemical analysis by titration confirmed that the treatment removed most of the copper core. Transmission electron microscopy showed that the etching had resulted in hollow carbon nanoshells ( figure 1(d) ). The XRD pattern of as-prepared material (figure 2) showed no evidence of copper oxides or carbides in any sample.
Physical properties of carbon shells
The XRD pattern of the carbon shells displayed a broad peak around 20
• -40
• indicating the presence of a non-crystalline material. No peak for graphite could be detected. Similar XRD patterns (20 • -40 • ) have been observed for amorphous carbon, multiwall carbon nanotubes [37] and glassy carbon modifications [38] .
The carbon nanoshells were therefore further investigated by nuclear magnetic resonance and Raman spectroscopy (figure 3). Magic angle spinning 13 C-NMR spectra showed wide signals around 100-140 ppm for the as-prepared product and between 70 and 140 ppm for the etched sample ( figure 3(a) ). These regions correspond to sp 2 -hybridized carbon. The presence of graphite [39] would give rise to a signal around δ = 180 ppm and could therefore be excluded. Single-wall carbon nanotubes (SWNT, [39] , δ 121-126 ppm) and multiwall carbon nanotubes (MWNT, [40] , δ 121-130 ppm) give rise to NMR spectra in a similar region. This indicates that the carbon is similar to carbon nanotubes.
Since all carbon modifications show distinct Raman signals, the carbon shells were further measured for their Raman spectra ( figure 3(b) ).
The as-prepared C/Cu ( figure 3(b) , trace 1) and the carbon shells after etching ( figure 3(b) , trace 2) displayed broad absorption bands at around 1600 and 1300 cm −1 . The Raman spectra of commercial SWNT (Elicarb, figure 3(b) , trace 3) as a reference may be characterized by the appearance of the so-called Dline at 1284 cm −1 and G-line at 1594 cm −1 [41] . Nemanich and Solin [42] assigned the G-line to the E 2g mode involving two adjacent C atoms in a graphene sheet. The G-line has been used as a characteristic band for ordered graphite carbon sheets. The D-line has been accredited to a size effect with growing intensity for smaller crystallite size [43] and was observed in nanotube-like carbon modifications and glassy carbon [44] . The Raman spectrum of the as-prepared C/Cu powder ( figure 3(b) , 1st trace) shows both lines at a similar intensity. Upon etching of carbon-coated copper nanoparticles, the intensity of the D-line strongly decreased (second trace) indicating a more ordered carbon arrangement and the formation of an ordered graphite-like structure [38] . A clear difference from SWNT arises from the lack of the characteristic radial breathing mode (RBM) lines (A 1g 'breathing' mode) [45] .
The mean thickness of the carbon layer can be calculated from the carbon content of the material (17.5%) and its specific surface area (67 m 2 g −1 ) assuming a density of carbon of about 2200 kg m −3 . The mean carbon layer thickness is therefore calculated as d carbon = 0.175/ρ/ A BET , resulting in an average layer thickness of 1.2 nm.
Pressure-and temperature-dependent conductivity
Pressing the as-prepared powder uniaxially at 370 MPa into a pill ( figure 4(a) ) resulted in a dark solid material with some metallic gloss.
For reference we included pressed, commercial micrometre-sized copper (350-450 µm, figure 4(b) ).
Conductivity measurements on the bulk C/Cu were done for increasing pressure at 295 K and at constant pressure for temperatures from 60 to 373 K. The specific resistance rapidly and reversibly (figure S3) dropped upon increasing pressures and showed a strong power law correlation ( figure 5(a) , ρ(k m) = 3.2 × P (bar) −0.76 ) over four orders of magnitude similar to the conductivity most recently observed by Radhakrishnan [46] for an elastomer/polyaniline blend. Variations of the temperature strongly affected the conductivity of the C/Cu nanocomposite. The specific resistance decreased with increasing temperature ( figure 5(b) ), as measured using a four-point technique in an oxygen-free atmosphere (T 1 : 55-304 K at high pressure and T 2 : 304-373 K at low pressure). The C/Cu showed a strong negative temperature coefficient (NTC) behaviour, as found in commercial piezoelectric materials.
Discussion
Conventional flame synthesis is an industrially used process for manufacturing ton quantities of oxide nanoparticles and has been extended for the preparation of carbon-coated air-stable metallic copper nanoparticles. The preparation showed that flame spray synthesis could even be applied with a strongly limited oxygen supply in the combustion zone. The resulting off-gas composition was characterized by a lack of remaining oxygen, down to the ppm level, and a high content of reducing gases, such as hydrogen and carbon monoxide. Instead of forming copper oxide as in conventional flame spray synthesis, the highly reducing conditions resulted in the formation of zero-valent copper particles. These results agree with those of studies on the formation of carbon nanotubes in flames catalysed by metallic nickel or iron [33, 34, 47] . The reduction potential in such highly reducing flames is obviously sufficient to allow the presence of metallic nickel, iron or copper. The preparation of copper from copper 2-acetylacetonate by Nasibulin [12] further supports the feasibility of producing metallic copper under similar gas compositions as used in the present study. The high air stability of the C/Cu agrees well with the passivation of iron nanoparticles by carbon layers [48] .
Following the detailed study by Nasibulin et al [12] of the decomposition of copper acetylacetonate under a series of CO-, water-or H 2 -containing atmospheres, copper catalyses the deposition of carbon out of an atmosphere containing carbon monoxide. A similar reaction may be suggested to result in the deposition of carbon on the copper nanoparticles described here.
Etching of the copper core resulted in carbon shells ( figure 1(d) ) of unknown structure, motivating further analysis. X-ray diffraction revealed amorphous contributions indicating the possible formation of non-crystalline or glassy carbon (figure 2). This stands in contrast to the Raman spectra showing a strong G-band indicating ordered graphene structures. The absence of a D-band showed a clear difference from the disordered structures previously found in glassy, amorphous or carbon nanotube modifications [49] . It may therefore be concluded that the present carbon shells consisted of stacked, slightly ordered graphene layers. The thickness of the stack, about 1.2 nm, was too small to give a defined peak in the x-ray diffractogram. This is further supported by the NMR spectrum showing a wide range of sp 2 -hybridized carbon species. The lack of evidence of the formation of bulk graphite from the NMR spectrum is in agreement with a previous study on the formation of giant fullerenes [50] . In contrast to the thick carbon multishells obtained by Schaper et al [21] , the very thin layers of the present material may be used for the development of sensor materials. In comparison with earlier studies [12, 18, 21 ] the use of reducing flame spray synthesis allowed production of 10-100 g samples and therefore offers a cost-effective and scalable way to synthesize these most versatile nanomaterials.
The pronounced negative temperature conductivity (NTC) behaviour of bulk C/Cu revealed a characteristic material constant β of above 4500 K. The C/Cu nanomaterial therefore showed a similar or greater sensitivity than today's commercially applied ceramic sensing materials (Mn-Zn-Ni spinel: β = 4261 K, [51] ; Ni-Co-Mn spinel: β = 4451 K [52] ). The polyaniline/elastomer composite described by Radhakrishnan [46] represents a good conductor (polyaniline) dispersed in a poor electrical conductor (elastomer). The structure of pressed, about 1 nm carbon-coated metallic copper nanoparticles offers a similar geometry. We therefore observed a similar power law for the temperature-dependent conductivity (see figure 5) . Extremely small gaps between copper nanoparticles arose from just a few layers of carbon (estimated thickness of about 2-3 nm). The NTC coefficient is therefore exceptionally large and gives rise to the high observed sensitivity. However, further investigations are required to elucidate the detailed mechanism of this effect.
Conclusion
The use of reducing flame spray synthesis proved very effective for the large-scale, one-step preparation of carbon-coated copper nanoparticles. The copper nanoparticles were stable in air due to the protection of about 1 nm carbon. The carbon layer consisted of sp 2 -hybridized graphite stacks with a low degree of crystalline order and a spherical shape. The material may be pressed to bulk pills which exhibit highly pressureand temperature-dependent conductivity. Since the observed sensitivity is at least comparable to currently used oxide materials, the C/Cu nanoparticles may offer an alternative sensor material for temperature and pressure sensing.
